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ABSTRACT 
 
An enormous quantity of solid waste is generated annually all over the world. Solid waste can 
be divided into three main categories: municipal waste, industrial waste and agricultural waste. 
The focus of the research presented in this thesis was on the biodegradable fraction of municipal 
solid waste (MSW), and particularly on the biowaste and sewage sludge generated in the Nordic 
countries. In general, there are two major options for processing biodegradable MSW in a 
sustainable manner: aerobic treatment (e.g. composting) and anaerobic treatment (e.g. anaerobic 
digestion). The key interest of this study was in analysing the microbial community composition 
in composting and anaerobic co-digestion using various types of biodegradable MSW as 
feedstock. In addition, the aims of this study were to: 1) understand the connections between the 
microbial communities and the capacities of disease-suppressive composts against the soil-
borne plant pathogens Pythium and Fusarium; 2) investigate the effects of pH and microbial 
composition on odour emission in biowaste composting in Nordic countries; 3) study the 
connections between microbial communities and the key methanogenesis intermediates under 
various conditions (e.g. temperature, OLR) in the anaerobic digestion process; and 4) find a 
functional compromise between the waste treatment capacity of anaerobic digestion, biogas 
production and a stable microbial community. To achieve the above-mentioned goals, DNA-
based microbiological techniques (e.g. DNA extraction, PCR, qPCR, DGGE and cloning) and 
sequencing techniques (i.e. Sanger sequencing and high-throughput pyrosequencing) were 
applied. The results are summarized in five articles/manuscripts enclosed with this thesis. 
 
Studies on composting (articles I–IV) illustrated that the microbial communities were abundant 
and diverse, with Proteobacteria and Ascomycota as the dominant bacterial and fungal 
candidates, respectively. The presence of bacterial Acidobacteria Gp14 and fungal 
Cystobasidiomycetes in Pythium-suppressive composts indicated their possible roles in the 
suppression of Pythium wilt disease (article I). Actinobacterium and non-pathogenic relatives of 
the pathogen Fusarium may suppress Fusarium disease on tomato plants (article II). In food 
waste composting (articles III and IV), results indicated that LAB (e.g. Lactobacillus) together 
with Clostridia were responsible for the high odour emission in the studied composts. The 
results suggest that a potential odour reduction strategy would be to rapidly overcome the low 
pH phase through high initial aeration rates and the use of additives such as bulking material, as 
well as pre-treatment of the composting feedstock in anaerobic digestion. 
 
A study on anaerobic digestion (article V) demonstrated a rather limited methanogenic archaeal 
community that was dominated by Methanobacteriales and Methanosarcina in both meso- and 
thermophilic processes, even with Methanothermobacter as an additional abundant genus in the 
thermophilic production cycle. Key factors such as the acetate concentration and OLR, as well 
as substrates such as propionate apparently contributed to the dominance of Methanosarcina. 
Biogas production was greater in the thermophilic process; when the OLR increased to 5 kg VS 
m-3 d-1, the efficiency maximum was reached. 
 
The microbial groups within the microbial community usually remain largely unexplored. In 
this thesis, the key microbial candidates that are involved in plant disease suppression, 
composting odour emission and anaerobic co-digestion were revealed. As the rapid progress of 
high-throughput sequencing approaches continues, better coverage of the microbial community 
will be achieved. 
  
TIIVISTELMÄ 
 
Joka vuosi tuotetaan kaikkialla maailmassa valtavia määriä kiinteää jätettä. Kiinteä jäte voidaan 
jakaa kolmeen pääkategoriaan, yhdyskuntajäte, teollisuusjäte ja maatalousjäte. Tässä 
tutkinnossa esiteltävän tutkimuksen pääkohde on kiinteän yhdyskuntajätteen biohajoava osuus, 
erityisesti Pohjoismaissa tuotettu biojäte ja jätevesiliete.  Yleisesti ottaen, biojätteen kestävälle 
käsittelylle on kaksi pääasiallista käsittelyvaihtoehtoa: hapellinen käsittely, kuten kompostointi, 
ja hapeton käsittely, kuten anaerobinen hajotus. Tämän tutkielman kiinnostuksen pääasiallinen 
kohde on kompoistoinnin ja anaerobikäsittelyn mikrobiyhteisöjen koostumus, käsiteltäessä 
erityyppisiä biohajoavia jätteitä. Lisäksi tavoitteinä oli: 1) ymmärtää kasvitautia ehkäisevän 
kompostin mikrobiyhteisön yhteyttä toimivaan maalevitteisten patogeenien Pythium ja 
Fusarium torjuntaan; 2) tutkia pH:n ja mikrobikoostumuksen yhteyttä biojätteen kompostoinnin 
hajupäästöjen syntyyn Pohjoismaissa; 3) tutkia anaerobiprosessin mikrobikoostumuksen ja 
metanogeneesin välituotteiden yhteyttä vaihtelevissa olosuhteissa (eri lämpötiloissa ja 
orgaanisen aineksen kuormituksessa); 4) löytää toimiva jätteidenkäsittelykapasiteetin, 
biokaasutuotannon ja vakaan mikrobiston välinen kompromissi. Tavoitteiden saavuttamiseksi 
käytettiin DNA peräisiä mikrobiologisia tekniikoita (mm. DNA uuttoa, PCR, qPCR, DGGE ja 
kloonaus) sekä sekvensointia (Sanger-sekvenointia ja tehokasta pyrosekvensointia). Tulokset on 
esitelty viidessä julkaisussa/käsikirjoituksessa, jotka sisältyvät tähän tutkielmaan.  
 
Kompostointia koskevat tutkimukset (osajulkaisut I-IV) osoittavat että mikrobisto oli hyvin 
runsasta ja monimuotoista, Proteobakteerien ja Ascomycota-sienten ollessa dominoivia 
bakteereja ja sieniä. Bakteerin Acidobacteria Gp14 ja sienen Cystobasidiomycetes esiintyminen 
vain Pythium tautia ehkäisevissä komposteissa indikoi niiden mahdollista roolia tautiehkäisyssä 
(osajulkaisu I). Aktinobakteerit ja Fusarium –patogeenin eipatogeeniset sukulaiset saattavat 
ehkäistä Fusariumin aiheuttamaa tautia tomaatissa (osajulkaisu II). Ruokajätteen 
kompostoinnissa (osajulkaisut III ja IV) tulokset viittaavat maitohappobakteerien (mm. 
Lactobacillus) yhdessä Clostridiumin kanssa aiheuttavan korkeita hajupäästöjä tutkituissa 
komposteissa. Tuloksista voi päätellä että matalan pH:n nopea nosto, joko alkuvaiheen 
tehokkaalla ilmansyötöllä, tai käyttämällä sopivaa seosainetta, tai vaihtoehtoisesti, aloittamalla 
prosessi jätteen anaerobisella esikäsittelyllä, voitaisiin päästä matalampiin hajupäästöihin.    
 
Anaerobista hajotusta käsittelevä tutkimus (osajulkaisu V) viittaa varsin suppeaan 
metanogeenisten arkkien yhteisöön. Tätä yhteisöä dominoivat, sekä mesofiilisissä että 
termofiilisissä prosesseissa, Methanobacteriales ja Methanosarcina, joskin termofiilisessa 
prosessissa myös Methanothermobacter oli yleinen. Tekijät, kuten asetaatin pitoisuus, 
orgaanisen aineksen syöttönopeus, sekä propionaatti prosessin substraattina ilmeisesti 
edesauttoivat Metanosarcinan yleistymistä. Biokaasun muodostus oli suurempi termofiilisessa 
prosessissa, ja syöttönopeuden ollessa 5 kg orgaanista ainesta per kuutiometri per päivä 
biokaasun muodostus oli maksimissaan.  
 
Mikrobiyhteisön mikrobisyhmät jäävät usein tarkemmin tutkimatta. Tässä tutkielmassa 
kasvitaudin ehkäisyn, kompostoinnin hajupäästöjen, ja anaerobikäsittelyn avainmikrobit, tai 
sellaisiksi ehdotetut mikrobit tunnistettiin. Nopeiden sekvensointitekniikoiden kehittyessa yhä 
tehokkaammiksi mikrobiyhteisöjen yhä kattavampi ja tarkempi tunnistus tulee olemaan 
mahdollista.   
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1 INTRODUCTION 
 
The amounts of solid waste globally 
produced by modern societies are 
considerable and increasing. 
Conventionally, a large proportion of 
waste is disposed of via incineration, 
landfilling or ocean disposal (Tyagi et al., 
2013). To minimize environmental 
pollution caused by the above-mentioned 
unsustainable practices, recycling of solid 
waste is essential. Policies aimed at 
reducing the volumes of solid waste 
require that as much as possible of the 
solid waste is used as a raw material for 
other purposes (e.g. for energy recovery) 
rather than being dumped. Consequently, 
waste treatment methods such as 
composting and anaerobic digestion have 
been widely implemented. The separation 
of waste according to the source triggers 
waste recycling and reuse, and facilitates 
the subsequent waste treatment processes. 
In the research presented in this thesis, 
different forms of the biodegradable solid 
waste as well as their aerobic and 
anaerobic biological treatments were 
investigated. 
 
 
1.1 Municipal solid waste (MSW) 
 
Solid waste consists of all waste materials 
in addition to liquid waste, atmospheric 
emissions and hazardous waste. Solid 
waste is heterogeneous in physical 
composition. It can be divided into three 
main categories: municipal waste, 
industrial waste and agricultural waste. In 
Europe, municipalities produced nearly 
300 Mt of solid waste per year in 2008–
2010, a large proportion of which was 
biowaste (e.g. from less than 20% in 
Norway to 60–80% in Malta; EEA Report 
No. 2/2013). Biowaste consists of 
biodegradable wastes such as garden, 
food and household waste. In Nordic 
countries, biowaste mainly comprises 
food waste and household waste, and 
often has a low pH range (Eklind et al., 
1997; Sundberg and Jönsson, 2008). 
Sewage sludge, an insoluble residue 
produced during wastewater treatment 
and subsequent sludge stabilization, is 
another major MSW fraction (semi-solid; 
Arthurson, 2008). Sewage sludge 
contains heavy metals and poorly 
biodegradable trace organic compounds, 
as well as potentially pathogenic 
microorganisms.  
 
1.1.1 Treatment of municipal solid 
biowaste 
 
In processing the biodegradable fraction 
of MSW, the two major alternatives 
employed are aerobic and anaerobic 
treatment. In municipal waste treatment 
facilities, the organic fraction of solid 
biowaste is generally removed and 
stabilized by means of biological 
treatment under aerobic or anaerobic 
conditions. The recyclable materials, such 
as paper and plastics, are recovered as far 
as possible. Aerobic treatment mainly 
comprises composting, bioremediation 
and incineration. Composting of solid 
biowaste has been widely applied due to 
its eco-compatibility, easy operational 
procedures, as well as the generation of 
beneficial byproducts (Kumar et al., 
2011). Bioremediation could be 
considered as an optimal environment in 
which microbial biodegradation occurs 
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rapidly and completely. It is commonly 
used for cleaning soil and water 
contaminated with organic pollutants. 
Incineration refers to the combustion of 
waste materials, resulting in ash residue 
and air emissions. The energy product 
from incineration is high-temperature 
heat, which can be further used to 
generate steam and electricity.  
 
The anaerobic treatment of municipal 
solid biowaste mainly comprises 
anaerobic digestion and landfill. In 
anaerobic digestion, organic compounds 
are degraded by anaerobic 
microorganisms, producing biogases such 
as methane and carbon dioxide. A 
landfill is an area in which waste residues, 
i.e. waste that cannot be utilized for any 
further purposes, are deposited. 
Improperly operated landfill sites may 
produce leachates containing toxic 
chemicals that could cause groundwater 
contamination. Furthermore, in landfill 
sites, microorganisms produce methane 
through the degradation of waste. This 
methane in most cases escapes to the 
atmosphere and contributes to the 
greenhouse effect (Di Lonardo et al., 
2012; Clemens et al., 2003). Therefore, 
the use of landfill should be minimized.  
 
 
1.2 Aerobic composting 
 
The beginnings of composting can be 
traced back to ancient times. Composting 
is an aerobic microbial-driven process 
that converts solid organic wastes (e.g. 
biowaste, sludge, garden waste, green 
waste, and agricultural and industrial 
byproducts) into a biologically stable, 
sanitary, humus-like material that can be 
safely returned to the environment 
without any further treatment. Prior to 
composting, material with a small particle 
size and high moisture content, as well as 
low pH values (e.g. sewage sludge and 
biowaste), is commonly mixed with 
bulking agents such as Sphagnum peat, 
wood chips, biochar and recycled 
composts (Kurola et al., 2010; Zhou et al., 
2014). The temperature of composting 
processes range from ambient levels to 
peak temperatures as high as 80 °C. The 
composting process can be divided into 
two main phases: the active phase 
(consisting of sequential mesophilic, 
thermophilic and cooling steps) and the 
curing phase (alternatively termed the 
‘maturation phase’). During the active 
phase, biodegradable materials are broken 
down, transformed and partially 
mineralized in a series of steps; organic 
matter becomes stabilised as a 
consequence of the intense microbial 
activity. The curing phase is characterised 
by the conversion of a part of the 
stabilised organic matter into a humus-
like matrix of nutrients and organic 
matter referred to as ‘mature compost’. 
Composting can be divided into large-
scale composting (LSC) and small-scale 
composting (SSC). In recent years, the 
LSC of source-separated household waste 
has expanded on a global scale (e.g. 
biowaste composting at large composting 
plants in the Nordic countries; Sundberg 
and Jönsson, 2008). However, a 
considerable fraction of degradable 
organic waste is treated in SSC, such as 
backyard composting. In practice, the 
SSC system can be divided into hot and 
cold SSC. The majority of SSC is 
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conducted as cold composting due to the 
continuous application of fresh organic 
material onto the composting pile. Hot 
SSC is very similar to LSC, with the 
major differentiation being in the 
compost quality, for example the C:N 
ratio and sanitation (Illmer, 2002). 
 
1.2.1 Composting systems and 
controls  
 
In general, there are three main 
composting systems: the windrow system, 
the aerated static pile and the tunnel or 
drum system, alternatively known as ‘in-
vessel composting’ (Figure 1). The 
windrow and aerated static composting 
systems can be operated either indoors 
within an air-conditioned building or 
outdoors. The tunnel composting system 
can only be operated indoors. In windrow 
composting, feedstock materials are piled 
up in long rows for decomposition. The 
composting mass is subjected to turning 
when the temperature reaches 55–60 °C. 
Windrow composting is widely employed 
at the farm scale and it produces a 
relatively large volume of compost. In the 
aerated static pile system, the composting 
feedstock is sometimes covered with 
recycled compost or bulking materials. 
This helps to reduce the odour emission 
as well as to avoid prolongation of the 
detrimental low-pH period. It also helps 
to maintain a high temperature inside the 
composting pile, as well as to increase the 
proportions of microbial groups (typically 
Bacillus and Actinobacteria) that indicate 
a well-functioning composting process. 
Aerated static pile composting is ideal for 
the decomposition of homogeneous 
materials such as sludge. In the enclosed 
tunnel system, the essential composting 
factors, such as temperature, oxygen, the 
C:N ratio, moisture content and odour 
emission, can be closely monitored 
throughout the composting process. The 
cost of a tunnel composting system is 
relatively high. Therefore, it is only 
widely employed when the compost is 
required to be further used for direct soil 
applications.  
 
 
  
 
Figure 1. The three main composting systems: a) windrow, b) aerated static pile and c) 
tunnel or drum (modified from Kumar 2011). 
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1.2.2 Composting stages and 
controlling factors 
 
Composting is generally considered as a 
four-phase process consisting of the 
mesophilic phase (25–40 °C), 
thermophilic phase (40–65 °C), cooling 
phase (alternatively called the ‘2nd 
mesophilic phase) and the maturation or 
curing phase. In the initial mesophilic 
phase, easily degradable compounds (e.g. 
sugars) are degraded by mesophilic 
microorganisms, often lactic acid bacteria 
such as Lactobacillus and yeasts. The 
proliferation of these acid-producing 
microbes causes a further drop in the pH 
level, thereby inhibiting the growth of 
other microbes. As the temperature rises, 
thermophilic microorganisms outcompete 
the mesophilic microbiota by degrading 
the remaining degradable substances. The 
decomposition continues to be rapid at 
this stage, up to temperatures of about 
62 °C, while the pH turns alkaline. Due to 
the exhaustion of degradable substances, 
the number of thermophilic 
microorganisms decreases, while the 
temperature starts to drop. At this stage, 
the mesophilic microorganisms, with the 
ability to degrade difficult substrates such 
as hemicellulose and cellulose, dominate 
the microbial community. In the final 
maturation phase, recalcitrant compounds 
(e.g. lignin–humus complexes) are 
formed and become predominant. In this 
stage, the physico-chemical parameters 
no longer change. The compost becomes 
mature and can thereafter be utilized in 
other applications (Insam et al., 2010; 
Hultman et al., 2010; de Bertoldi, 2010). 
 
The range of parameters for controlling 
the composting process depends on the 
location and system of composting, as 
well as its size and sophistication; 
however, the variables can be classified 
into six categories: nutrients, moisture 
content, pH values, oxygen flow, 
temperature and porosity. Concerning the 
outdoor windrow system, the related 
parameters are rather simple. They 
include the composting feedstock and its 
physical structure, the initial moisture 
content and aeration in terms of the 
frequency of turning. In comparison, the 
tunnel composting system has more 
complex controlling factors, as presented 
in Table 1. The above-described pH 
values and temperatures are among the 
most important elements in the 
composting process. Other factors are 
described below: 
 
N dynamics and C:N ratio  
Nitrogen is one of the key elements in the 
composting process, since it may have 
valuable but also harmful effects on the 
process. Here, the focus is on the 
theoretical course of N dynamics during 
the composting process, which comprises 
ammonification, nitrification and 
denitrification, immobilization, and N 
release through leachates and exhausted 
gases.  
 
Ammonification is a mineralization 
process that takes place in various 
composting stages. During the 
ammonification process, proteins are 
decomposed, amino groups are 
deaminated, and eventually ammonium 
(NH4
+) and ammonia (NH3) are formed 
under high pH and temperature 
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Table 1. Controlling factors in tunnel composting systems (modified from Szmidt, 
2002). 
 
Feedstock Process  
Ingredients Temperature 
pH Carbon dioxide 
C:N ratio Oxygen 
Total and available nitrogen Odour 
NH4/NO3 Ammonia 
Conductivity Moisture 
Nutrients Nutrient analysis 
Inoculants Microbial activity 
Physical properties Ventilation, aeration 
Organic matter - Air flow rate 
Porosity - Air speed 
 - Air mixing (recirculation / fresh air) 
    
 
 
conditions. The conversion from NH4
+ to 
NO2
- to NO3
-, known as nitrification, is a 
two-step oxidation process that is mainly 
carried out by ammonia-oxidising 
bacteria (e.g. Nitrosomonas) and nitrite-
oxidising bacteria (e.g. Nitrobacter). 
Denitrification is the microbial reduction 
of NO3
- via NO2
- to gaseous products 
such as N2O and N2 under oxygen-limited 
conditions by facultative anaerobic 
bacteria. The optimum temperatures for 
nitrification and denitrification are within 
the mesophilic range of 15–30 °C, with 
optimum pH values of 6–8.5, and 
therefore typically occur in the curing 
phase of composting. Immobilization 
converts inorganic N compounds (e.g. 
NH4
+) into organic N compounds (e.g. 
protein). Gaseous N compounds formed 
during ammonification and denitrification 
are mainly released through aeration 
during composting. Other water-soluble 
N compounds are released through 
composting leachate (Körner and 
Stegmann, 2002). 
 
The microbial-driven composting process 
is influenced by the proportions of 
carbonaceous and nitrogenous materials 
that are present in the composting 
feedstock. Microorganisms need carbon 
for growth and nitrogen for protein 
synthesis. A high initial C:N ratio causes 
a slow start to the composting process, 
while a low ratio results in a high level of 
ammonia emission (Tuomela et al., 2000; 
Tiquia and Tam, 2000). A C:N ratio of 
around 30 is recommended as the 
optimum for rapid composting of MSW 
(Kumar, 2011). During efficient 
composting, the C:N ratio is expected to 
decrease as a consequence of the 
degradation of organic matter and 
mineralization. 
 
 6 
 
Moisture content, aeration, porosity and 
particle size 
The moisture content of composting 
material is typically maintained by 
watering. This ensures the transfer of 
nutrients and is therefore important in 
sustaining microbial activity during the 
composting process. A moisture content 
of between 25–70% is recommended for 
composting (Kumar et al., 2011). 
However, dry composts with a low 
moisture content (below 34%) become 
colonized by fungi and are probably 
conducive to certain plant diseases (e.g. 
Pythium wilt) (Hoitink et al., 1997). 
Aeration during composting is commonly 
achieved by ventilation and gas cooling. 
The ventilation has two functions: to 
supply oxygen and to remove excess heat. 
These functions can be uncoupled by the 
introduction of gas cooling. In the 
uncoupled process, fresh air is added to 
supply oxygen, and the recirculated gas is 
cooled for heat removal. A part of the 
NH3 emitted from the compost is trapped 
in the condensate that forms when 
recirculated gas is cooled. As a result, 
both the off-gas amount and NH3 
emission to the environment are strongly 
reduced (Rudrum et al., 2002). It has been 
reported that excessive aeration causes 
early cooling of the composting mass and 
accelerates the reduction of the moisture 
content by water evaporation. Therefore, 
aeration should be properly applied, 
depending on the composting substrates 
(Elorrieta et al., 2002). The porosity 
(alternatively termed the gas-filled pore 
volume) indicates the water holding 
capacity of composting material, which is 
also essential in achieving good aeration 
throughout the composting process. 
Concerning windrow composting, a large 
pile size should be avoided, as there is a 
risk of formation of anaerobic zones. For 
material having a small particle size and 
high moisture content (e.g. biosolids, 
sewage sludge), co-composting with a 
bulking agent is essential (Zhou et al., 
2014). To optimize the composting 
process, the oxygen and moisture 
contents of feedstock should be kept at 
minimum levels of 10% and 30%, 
respectively, while the pH value and the 
initial C:N ratio should be maintained 
within the ranges of 6.5–8.0 and 25–40, 
respectively (Szmidt, 2002; Kumar et al., 
2011; Ekinci et al., 2000; de Guardia et 
al., 2008; Lu et al., 2009; Cabeza et al., 
2013). 
 
1.2.3 Maturity and stability of 
compost 
 
The terms compost maturity and compost 
stability have been used synonymously. 
There are, however, major differences 
between the meanings of these two terms. 
Compost stability reflects the degree of 
decomposition of the organic matter. 
Compost is considered unstable if it 
contains a high proportion of 
biodegradable matter that may sustain 
high microbial activity, and compost 
stability increases as microbial activity 
decreases (Tiquia, 2005). Compost 
stability refers to the level of the 
microbial mass activity. Therefore, it can 
be determined by the O2 uptake rate and 
the CO2 production rate (also known as 
‘respiratory activity’), or by the heat 
released as a result of microbial activity, 
as well as by the ability of the composting 
material to heat up again once rehydrated  
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(Ceustermans et al., 2010; Cunha Queda 
et al., 2002). In comparison with compost 
stability, compost maturity is often 
characterized by germination indices, 
which are measurements of phytotoxicity. 
Compost maturity tests can be classified 
into physical, chemical, plant and 
microbial activity assays (Table 2). 
Mature compost is also likely to be stable. 
However, stable compost may not always 
be adequately mature to be used as a 
growth medium for subsequent 
applications, such as for growing certain 
plant species. 
 
Table 2. Classification of maturity tests (modified from Itävaara et al., 2002). 
 
Physical Chemical  Microbial activity Plant 
Temperature pH Carbon dioxide Germination 
Odour C:N ratio Enzyme Root elongation 
Colour NH4
+/NO3
- ATP Plant growth 
Structure Reduction of organic matter Respiration  
Self-heating Cation exchange capacity   
 Humification parameters   
 Organic compounds   
        
 
1.2.4 Microbes in composting  
 
Composts contain a large and very 
diverse microbial community (mainly 
bacteria and fungi), which plays a key 
role in the decomposition of organic 
matter during the various temperature 
phases of composting. At the beginning 
of the composting process, mesophilic 
bacteria, typically from the genera 
Lactobacillus and Bacillus (Partanen et 
al., 2010), predominate. Their populations 
significantly increase during the early 
phase of composting, as they are capable 
of degrading the soluble and readily 
degradable compounds such as sugars, 
and heat is produced by their metabolic 
activities. As the temperature rises to 
about 40 °C, thermophilic bacteria such 
as Actinobacteria, Bacillus, and Thermus 
take over the degradation and become the 
dominant groups in the microbial 
community. Actinobacteria and Bacillus 
have been described as indicators of the 
well-functioning composting (Partanen et 
al., 2010). Actinobacteria, previously 
documented as Actinomycetes, have been 
reported as a critical group in the 
composting process, since they can utilize 
a wide range of carbon sources such as 
cellulose, lignin and proteins (Epstein, 
1996). Some species of Actinobacteria 
are thermotolerant and can remain active 
at temperatures of up to 60 °C. In 
addition, they have been found to be 
ineffective competitors when nutrient 
levels are high, thus becoming more 
competitive in a low nutrient environment 
(Nakasaki et al., 1985). During the 
composting process, Actinobacteria 
typically predominate in the thermophilic 
and 2nd mesophilic (cooling) phases, and 
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Bacillus are commonly detected in all 
stages of composting. Composting is 
generally accepted as an aerobic 
microbial-driven process. However, 
anaerobic microbes such as Bacteroidetes 
and Clostridia have also been detected in 
composting processes (Partanen et al., 
2010; Danon et al., 2008). This finding 
could be explained by the limitations in 
oxygen transfer from the free air space 
into the heterogeneous solid particles of 
the composting mass, making the 
composting process a co-function of 
anaerobic and aerobic processes 
(Reinhardt, 2002; Smith, 2009). 
Clostridia, strict anaerobic microbes that 
are capable of degrading compounds such 
as cellulose and starch, predominate 
throughout all stages of the composting 
process. In addition to these opportunistic 
pathogens, others, including species of 
the genera Salmonella and Yersinia, have 
also been detected in compost, especially 
in biowaste compost (Partanen et al., 
2010). Most plant and animal pathogenic 
microbes are mesophilic and are 
efficiently eliminated at proper 
composting temperatures; however, if the 
composting process does not proceed 
optimally and temperatures do not rise 
spontaneously, there is a risk that 
pathogens will survive. The presence of 
these microorganisms in the end product 
would indicate insufficient composting, 
and could subsequently pose a potential 
threat to compost users (Hogg et al., 
2002). 
 
The study of composting microbes has 
mainly focused on bacteria, although 
fungi have been found to be the essential 
degraders of lignin and cellulose 
(Tuomela et al., 2000). Yeasts and 
moulds have been detected in the 
mesophilic stages, while thermophilic 
fungi belonging to the Pezizomycota, 
Zygomycota and Ascomycota (e.g. 
Penicillium) have been found in the 
thermophilic stage; Basidiomycota 
become abundant in the cooling and 
curing phases of composting process 
(Hultman et al., 2010). Thermophilic 
fungi grow at temperatures of up to 55 °C, 
and higher temperatures usually inhibit 
fungal growth (Insam et al., 2010). Hence, 
fungi typically play a negligible role 
during the thermophilic phase. One 
exception is the composting of substrates 
that are particularly rich in cellulose and 
lignin, in which case fungi remain 
important degraders throughout the 
composting process. Usually, in the 
curing phase of composting, the ratio of 
fungi to bacteria increases due to the 
competitive advantage of fungi under 
poor substrate availability, meaning the 
predominance of difficult-to-degrade 
compounds such as lignin and humus. 
 
1.2.5 Composting odour 
 
Odour emission, a major problem for 
composting plants in the early stage of 
the composting process, is generated by 
the degradation of substrates such as 
proteins and lipids. Hundreds of odorous 
substrates have been identified in 
compost gases, and their quality and 
quantity depend on the feedstock and 
conditions of the composting process 
(Gallego et al., 2012; McKinley and 
Vestal, 1984; Smet et al., 1999). Some 
microbial groups are reported to be 
responsible for the emissions. Clostridia 
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are known to degrade the above-
mentioned substrates and produce the 
noxiously smelling sulphuric compounds 
and organic acids. LAB (lactic acid 
bacteria such as Lactobacillus) and AAB 
(acetic acid bacteria such as Acetobacter) 
also produce odorous acids, therefore 
causing odour problems in composting 
processes.  
 
There is a clear relationship between pH, 
odour concentration and microbial 
activity. The incoming composting 
feedstock in the Nordic countries mainly 
consists of food waste and has a low pH 
(typically from 4.8–5.5) (Eklind et al., 
1997; Hultman et al., 2010; Partanen et 
al., 2010). Such a composting process 
often struggles with an extended period of 
low microbial activity as well as high 
odour emission in the initial composting 
stage (Kurola et al., 2010; Sundberg and 
Jönsson, 2008). A low pH in combination 
with thermophilic composting 
temperatures induces a positive feedback 
loop. The waste degradation that occurs 
within this loop lowers the pH and thus 
prolongs the period of low pH (Smårs et 
al., 2002). The pH can be low enough to 
severely inhibit microbial activity and 
therefore affect the efficiency of the 
microbial-driven decomposition of 
composting substrates. To rapidly 
overcome the low pH phase and high 
odour emission period, the early stages of 
the composting process should be steered 
towards conditions that favour beneficial 
composting microbes (e.g. Bacillus and 
Actinobacteria), while discouraging 
microbes that cause odour problems 
(mainly Clostridia, LAB and AAB) 
(Kurola et al., 2011).    
1.2.6 Suppression of soil-borne plant 
disease with compost 
 
Soil-borne plant pathogens can be 
classified into five major groups: fungi, 
bacteria, viruses, nematodes and protozoa 
(Agrios, 2005). They are responsible for 
causing many crop plant diseases. 
Reports on the use of composts to 
suppress soil-borne plant disease can be 
traced back almost half a century (Hoitink 
et al., 1977). Since then, this concept has 
been extensively reviewed in numerous 
publications (Hoitink & Fahy, 1986; 
Hoitink et al., 1997; Noble & Coventry, 
2005; Pugliese et al., 2011; Mehta et al., 
2014). The microbial communities 
present in compost are supposedly one of 
the driving forces for plant disease 
suppression by compost (Schönfeld et al. 
2003; Joshi et al., 2009). Studies have 
also shown that heating or autoclaving 
composts eliminates their disease-
suppressive ability, while the effect can 
be recovered by mixing heated or 
sterilized composts with natural composts 
(Zhang et al., 1998). 
 
The suppression of soil-borne plant 
pathogens is affected by a wide range of 
abiotic and biotic factors, as described 
below, and it can be achieved in two 
ways: by compost and by compost tea 
(water extracts of compost).  
 
Antibiosis and hyperparasitism 
Antibiosis and hyperparasitism, both of 
which are forms of antagonism, comprise 
the biological control mechanisms of 
disease suppression. Antibiosis refers to 
an association between two 
microorganisms in which one is harmed 
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or killed by the other through specific or 
nonspecific metabolites, such as the 
production of antibiotics (e.g. 
Pseudomonas and Bacillus that produce 
antibiotics to suppress pathogens). In 
contrast, hyperparasitism is a form of 
direct antagonism, where a 
microorganism (e.g. Clostridia and 
Actinobacteria) directly attacks a 
pathogenic microorganism and kills it (de 
Bertoldi, 2010; Mehta et al., 2014). 
 
Competition for nutrients and space  
Competition among microbes is the most 
common form of suppression of ‘nutrient-
dependent’ pathogens (Diánez et al., 
2005). Pathogens such as Pythium and 
Phytophthora compete with the beneficial 
microflora for nutrients and space. As a 
result, a reduction in the severity of plant 
disease can be observed.  
 
Microbes involved in the two 
abovementioned biotic mechanisms can 
generally survive either on dead plant 
material or on living plant tissues by 
colonizing and expressing their biocontrol 
activities (Pal and McSpadden Gardener, 
2006). 
 
Abiotic factors such as heat, moisture, 
pH and the C:N ratio 
The abiotic factor temperature has an 
impact on soil-borne disease suppression 
through affecting the compost microbiota. 
As mentioned above, heating or 
autoclaving composts eliminates their 
disease-suppressive ability, as beneficial 
(as well as detrimental) microorganisms 
are killed in high-temperature conditions. 
Therefore, the suppression of pathogens 
is largely induced during the later 
maturation or curing phases of 
composting. Dry composts with a low 
moisture content (below 34%) probably 
become occupied by fungi and are 
conducive, for example, to Pythium 
disease (attributed to the competition for 
nutrients between similar microbes). A 
minimum moisture content of 45% 
ensures the dominance of bacteria over 
fungi. A high pH and low C:N ratio in the 
composting feedstock, due to the 
presence of ammonia, will increase the 
suppression of phytopathogenic agents 
such as Fusarium, Pythium and 
Phytophthora (de Bertoldi, 2010). 
 
1.2.7 Applications of compost end 
products 
 
The tightening of European legislation 
has increased the application of 
composting in the treatment of 
biologically degradable waste. However, 
if the composting process is not 
conducted optimally and composting 
temperatures fail to increase to the target 
thermophilic level, there is a risk that the 
compost end product will be immature 
and may contain human and animal 
pathogens as well as weed seeds. 
Therefore, compost can only be used as a 
valuable end product after ensuring its 
hygienic quality (Hogg et al., 2002). In 
Finland, for example, the end use of 
compost as a soil improver is regulated 
by Fertiliser Act No. 232 of 26 February 
(FP 1993) and Decision No. 46/94 of the 
Ministry of Agriculture and Forestry. 
There are many methods for analysing the 
hygienic quality of the compost end 
product. Nevertheless, the prerequisites of 
a minimum temperature and time period 
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for composting (e.g. 24 h at 70 °C to 7 d 
at 55 °C) must be strictly followed to 
minimize the risk. In addition, 
antagonistic interactions may also 
contribute to hygienization due to the 
elimination of pathogenic organisms. 
 
 
1.3 Anaerobic digestion 
 
Anaerobic digestion is an established and 
sustainable treatment option for 
degrading the organic matter into biogas 
methane and carbon dioxide, a number of 
trace gases (e.g. ammonia, hydrogen 
sulphide) and some heat in the absence of 
oxygen (Kymäläinen et al., 2012). The 
use of biogas as an alternative source of 
energy has gained increasing attention in 
recent years. It is an important asset in 
times of decreasing fossil fuel supplies 
and concerns about rises in greenhouse 
gas concentrations, as well as an end 
product of stabilized sludge that can be 
used as a fertilizer and for soil 
conditioning. Anaerobic digestion 
reactors have commonly been operated at 
mesophilic (30–40 °C) and thermophilic 
(50–60 °C) temperatures. A typical 
organic loading rate (OLR) for fully 
mixed anaerobic digesters lies between 1 
and 5 kg COD m-3d-1 (Tchobanoglous et 
al., 2003). The continuously stirred tank 
reactor (CSTR) – one of the most-used 
types of anaerobic digestion reactor in 
full-scale applications – is commonly 
divided into two configurations: single-
stage CSTR and two-stage CSTR (Figure 
2). In a single-stage CSTR, all four 
phases of anaerobic digestion (hydrolysis, 
acidogenesis, acetogenesis and 
methanogenesis) take place in a common 
environment (Figure 2a). A single-stage
 
 
 
 
Figure 2. (a) A single-stage and (b) a two-stage continuously stirred tank reactor 
(CSTR), one of the most frequently used types of anaerobic digestion reactor. 
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CSTR is not ideal for all members of the 
consortia, and one of the possible reasons 
could be that the bioavailability of the 
enclosed essential nutrients is not 
sufficient to maintain enzymatic 
processing by microbes (Kim et al., 2002). 
In a two-stage CSTR, the methanogenesis 
phase is typically separated from the 
other three stages of anaerobic digestion 
(Figure 2b), which is reported to provide 
a higher process efficiency and higher 
energy recovery, as well as greater biogas 
production compared to traditional single-
stage anaerobic digestion (Schievano et 
al., 2012). In recent years, most anaerobic 
digestion reactors have been constructed 
as two-stage configurations. 
 
1.3.1 Anaerobic digestion stages and 
microbes in anaerobic digestion 
 
There are four stages in anaerobic 
digestion: hydrolysis, acidogenesis, 
acetogenesis and methanogenesis (Figure 
3). Bacteria are dominant in anaerobic 
digestion and comprise up to 80% of the 
total microbial diversity (Krause et al., 
2008). Bacterial phyla commonly 
detected include Firmicutes, 
Proteobacteria, Bacteroidetes, 
Actinobacteria, Chloroflexi, Nitrospira, 
Thermotogae, Fusiobacteria, Spirochaetes 
and Deferribacteres, while archaeal 
representatives mostly belong to the 
phylum Euryarchaeota, which includes all 
 
 
Figure 3. Metabolic pathway of anaerobic digestion: a) hydrolysis, b) acidogenesis, c) 
acetogenesis and d) methanogenesis. 
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known methanogens (Insam et al., 2010). 
Previous studies have demonstrated that 
combining different organic wastes for 
anaerobic co-digestion results in a 
substrate that is better balanced and more 
efficiently degradable, leading to a 
significant increase in biogas production 
(Esposito et al., 2012). The possible 
reasons could be that co-digestion of 
wastes rich in proteins can provide the 
buffering capacity and a wide range of 
nutrients, while co-digestion of wastes 
rich in carbon balance the C:N ratio and 
reduce the risk of ammonia inhibition 
(Hills and Roberts, 1981; Hashimoto, 
1986). Microbial communities in 
anaerobic co-digestion processes readily 
respond to changes in substrate 
composition, the OLR, reactor design and 
operating temperatures (Tang et al., 2011; 
Dohrmann et al., 2011; Levén et al., 2007; 
McHugh et al., 2004). In general, higher 
bacterial and archaeal diversities are 
found at mesophilic temperatures (Levén 
et al., 2007; Pycke et al., 2011). Bacterial 
communities appear to be considerably 
more diverse and dynamic than archaeal 
communities at any temperature 
(McHugh et al., 2004; Ritari et al., 2012). 
Bacterial groups are responsible for 
acetate hydrogen and carbon dioxide 
production in the first three stages. In the 
last stage, methanogenic archaea produce 
methane from acetate, or alternatively 
from hydrogen and carbon dioxide 
(Griffin et al., 1998; Liu et al., 2004; 
Bouallagui et al., 2005; Kotsyurbenko, 
2005; Lozano et al., 2009; Pycke et al., 
2011; Ritari et al., 2012). 
Hydrolysis, acidogenesis and 
acetogenesis (Figure 3: steps a, b & c) 
 
Hydrolysis, alternatively termed 
‘depolymerisation’, is among the most 
important enzymatic processes 
determining the efficiency of the 
anaerobic digestion. In this stage, 
biopolymers (polysaccharides, lipids, 
proteins and nucleic acids) are 
depolymerized and hydrolyzed into 
monomeric compounds (sugars, amino 
acids, fatty acids). A complex community 
of anaerobic hydrolytic bacteria and fungi 
take up the degradation by producing 
extracellular hydrolytic enzymes such as 
cellulases and xylanases and dissemble 
the complex biopolymers into their 
structural units. Bacteria and fungi 
involved in this stage consist of 
subgroups of Proteobacteria, 
Bacteroidetes, Actinobacteria, Firmicutes 
(e.g. Clostridium and Bacillus) and 
Neocallimastix (Insam et al., 2010). The 
hydrolysis step is followed by the 
acidogenesis step, also known as the 
fermentation step. Here, monomeric 
compounds are further converted into 
intermediates such as alcohols, short-
chain fatty acids, carbon dioxide and 
molecular hydrogen. Bacteria are 
responsible for the majority of 
fermentative reactions; reported genera 
include Lactobacillus and Clostridium. 
Thereafter, fermentation products are 
oxidized into acetate, formate, hydrogen 
and carbon dioxide mainly by acetogenic 
bacteria (e.g. Firmicutes). 
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Methanogenesis (Figure 3: step d) 
Methanogenesis is the last stage of the 
anaerobic digestion of organic matter, in 
which methane is finally generated, and is 
carried out by methanogenic archaea – 
methanogens. It has been shown that 
most archaea in anaerobic digesters are 
methanogenic archaea (Coats et al., 2012). 
Methyl-coenzyme M reductase (MCR) is 
the catalyst for the methane-forming step 
in methanogenic archaeal metabolism, 
and the mcrA gene is a functional marker 
that is present in all methanogens 
(Friedrich, 2005). Among the five 
methanogenic archaeal orders 
(Methanobacteriales, Methanococcales, 
Methanomicrobiales, Methanosarcinales 
and Methanopyrales), only the first four 
are found to be dominant in anaerobic 
digestion. Methanogenic communities in 
anaerobic digestion have been found to be 
rather stable (Insam et al., 2010). 
 
1.3.2 Applications of generated 
biogas and end stabilized sludge 
 
Anaerobic digestion is a well-established 
and sustainable treatment option for 
biowaste and sewage sludge. The biogas 
produced by anaerobic digestion 
processes, mainly methane, is a valid 
substitute for fossil fuels in a myriad of 
technical applications, the actual 
application determining the quality 
requirements of the gas produced (Bagge 
et al., 2005; Kymäläinen et al., 2012). It 
has been reported that digestion at 
thermophilic temperatures results in a 
higher organic matter degradation 
efficiency (Zabranska et al., 2000; 
Fernández-Rodríguez et al., 2013), 
greater total biogas production (McHugh 
et al., 2004; Levén et al., 2007; Goberna 
et al., 2010; Siddique et al., 2014) and 
superior feed substrate hygienization 
(Zabranska et al., 2000; Bagge et al., 
2005; Arthurson 2008). Meanwhile, 
according to European Council 
Regulation (EC) No. 1774/2002, the 
process residues – the stabilized end 
sludge – can potentially be used as a 
biofertiliser in agriculture after being 
rigorously assessed for quality due to the 
risk of metals and pathogenic 
microorganisms (Bagge et al., 2005; 
Arthurson, 2008; Lozano et al., 2009; 
Goberna et al., 2010). However, the 
residues are often composted before 
further application (Gallert and Winter, 
2002; Molnar and Bartha, 1988). 
 
 
1.4 DNA-based methods for studying 
the microbial community   
 
It is widely accepted that less than 1% of 
all microorganisms are detectable by 
traditional cultivation-based techniques 
due to their limited growth conditions 
(Amann et al., 1995). Since the rapid 
development of the polymerase chain 
reaction (PCR, Saiki et al, 1985), 
followed by cloning and fingerprinting 
(e.g. DGGE, T-RFLP) of the amplified 
fragments and sequencing techniques, the 
high diversity of microbes has been better 
revealed. The genes coding for ribosomal 
RNA (rRNA) have been broadly used in 
studying microbial communities. In 
general, the prokaryotic 16S and 23S 
rRNA genes are widely applied in studies 
on bacterial and archaeal diversity, while 
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the eukaryal 18S and 28S rRNA genes, 
particularly the ITS (Internal Transcribed 
Spacer) regions located between the 18S 
and 28S rRNA genes, have been used for 
profiling fungal diversity. The above-
mentioned rRNA genes contain both 
variable and conserved regions, the latter 
of which allows a universal primer design 
and the subsequent sequence alignment. 
As the ITS region varies in length 
between different species, the PCR 
amplicon generated is between 500 and 
1200 base pairs in size (Hultman et al., 
2010). As most molecular techniques 
require DNA extracts to be used as a 
template for PCR amplification and 
subsequent community analysis, the first 
step is to extract DNA from target 
samples. Extracted DNA is subsequently 
purified and quantified using reagent kits 
(e.g. Genomic DNA Purification Kit and 
PicoGreen dsDNA Assay Kit) to remove 
the excess primers, nucleotides, salts and 
enzymes, as well as to quantify dsDNA in 
solution. Once high quality DNA has 
been obtained, it can be amplified by 
PCR using primers that target either the 
rRNA genes at different taxonomic levels 
from phylum to species, or the functional 
genes of interest. At this stage, if 
concentrations of target groups need to be 
quantified, a quantitative polymerase 
chain reaction (qPCR) is usually 
employed. After generating PCR 
amplicons, various molecular techniques 
have been applied in profiling the 
microbial community prior to sequencing, 
such as the cloning approach and DGGE 
fingerprint technique. 
 
 
Cloning and denaturing gradient gel 
electrophoresis (DGGE) 
 
The construction of clone libraries and 
sequencing of PCR-amplified fragments 
is a commonly used means of assessing 
microbial community composition and 
diversity. Despite the fact that the cloning 
approach is more expensive and time-
consuming than the commonly used 
fingerprinting techniques such as 
denaturing gradient gel electrophoresis 
(DGGE), sequence analysis of clone 
libraries provides an unparalleled level of 
phylogenetic resolution due to the 
relatively long read lengths generated by 
Sanger sequencing (Leigh et al., 2010). 
However, the scale of the microbial 
community is usually far too large to be 
fully explored, and it is therefore difficult 
to estimate the number of required 
sequenced clones to be able to reach the 
desired coverage in the target samples 
(Hui, 2010). 
 
DGGE is a molecular fingerprint 
technique for analysing microbial 
community composition and diversity, 
which separates double-stranded PCR 
products of a similar length but different 
sequence composition. Prior to DGGE, a 
5’–GC–rich sequence (30–50 nucleotides, 
called ‘GC clamp’) is incorporated at the 
end of the forward primer (Muyzer et al., 
1993). Different sequences of DNA are 
denatured at different denaturant 
concentrations, resulting in a pattern of 
bands, with each band representing a 
different bacterial population present in 
the community. DGGE patterns can be 
used in two alternative manners to study 
the microbial community composition. 
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Firstly, DGGE provides an immediate 
display of the constituents in both a 
qualitative and a semi-quantitative way 
by demonstrating the locations of DNA 
patterns of the target samples. 
Alternatively, a subsequent DGGE-PCR 
can be conducted. However, the DGGE 
approach also has major limitations. 
Firstly, it only identifies the key 
microbial species with a high abundance, 
and numerically rare phylotypes are not 
generally detected. Muyzer et al. (1993) 
suggested that any target DNA that is less 
than 1% of the total target pool is unlikely 
to be detected by DGGE. As such, DGGE 
analyses should be considered to indicate 
only the predominant organisms or 
‘phylotypes’ in a community. Moreover, 
several microbial species may share the 
same DGGE pattern (Costa et al., 2006). 
To better separate different sequences, 
DNA cloning technology can be utilized. 
 
Once sequences are obtained using 
cloning and DGGE approaches and 
verified for base-call accuracy, sequences 
may be compared to databases such as 
Genbank, the Ribosomal Database 
Project (RDP) and EMBL 
(http://www.ebi.ac.uk/ena/) to determine 
the taxonomic affiliations of the source 
organisms. Bacterial sequences have been 
assigned to the level the phylum, class, 
order, family, genus or species at 
sequence similarity cut-off values of 80, 
85, 90, 92, 94 or 97%, respectively 
(DeSantis et al., 2007), because most 
organisms with <97% sequence similarity 
generate DNA-DNA hybridization values 
of less than 70% and are thus considered 
members of different species, although 
organisms with greater than 97% 
similarity may or may not be members 
the same species (Goris et al., 2007). The 
operational taxonomic unit (OTU) 
represents members sharing a high level 
of sequence similarity (typically 97% or 
95%), and sequences clustered into a 
particular OTU can be considered as the 
same species or genus. This suggested 
cut-off value was originally derived from 
studies on DNA–DNA re-association and 
16S sequences for a number of isolated 
bacteria (Stackebrandt and Goebel, 1994). 
However, a newly suggested species cut-
off value is 98.5% (You et al., 2013). The 
situation is simpler in fungi, because 
horizontal gene transfer is much less 
common in eukaryotes than prokaryotes, 
and a high similarity in the ITS region 
(e.g. 99% or above) virtually guarantees a 
species-level match (Leigh et al., 2010). 
 
1.4.1 DNA sequencing techniques and 
sequencing data processing: 
traditional Sanger sequencing 
vs. new generation high-
throughput pyrosequencing 
 
Sanger sequences are typically handled 
with computer programs such as the 
Staden Package (University of Cambridge, 
UK), and are thereafter compared with 
those available in the EMBL database 
(http://www.ebi.ac.uk/). This has been 
intensively employed in studying the 
microbial community (Rastogi and Sani, 
2011). However, it requires a carefully 
thought through sampling plan (e.g. over 
40,000 sequences are required to reach 50% 
coverage of the diversity in a soil sample; 
Dunbar et al., 2002). It is not yet 
practicable to obtain a large quantity of 
sequences per sequencing run, and minor 
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microbial groups are therefore potentially 
unexplored (Koskinen, 2013). 
 
In recent years, high-throughput 
sequencing (also called ‘pyrosequencing’) 
platforms, for example Roche/454 and 
Illumina/Solexa, have been rapidly 
developed. Such sequencing techniques 
allow us to investigate deeper layers and 
to obtain a better coverage of the 
microbial communities. At the time of 
writing, the latest release of the Roche 
454 sequencing GS FLX+ System can 
yield longer and Sanger-like read lengths, 
with 85% of total bases from reads >500 
bp, 45% of total bases from reads >700 
bp, and the longest reads being over 1 kb 
in length. The Roche GS FLX+ System is 
capable of generating 1,000,000 reads per 
run (23 hours) with an accuracy of over 
99.99% (http://www.454.com/). This 
makes whole-genome sequencing feasible. 
In addition, compared with Sanger 
technology, the sequencing time with 
pyrosequencing technology such as 
Roche 454 sequencing is significantly 
shortened. Pyrosequencing output 
sequences that pass the initial quality 
control (Cole et al., 2009) are processed 
using programs such as MOTHUR 
(Schloss et al., 2009). Thereafter, 
sequences are aligned with the CAP3 
Sequence Assembly Program (Huang & 
Madan, 1999) and clustered into OTUs, 
e.g. at 95% sequence identity. Finally, a 
representative of each OTU is assigned 
and submitted, for example, to the 
Ribosomal Database Project (RDP) 
(Wang et al., 2007) and NCBI nucleotide 
database (nr/nt) (Zhang et al., 2000) for 
assignment into the taxonomical 
hierarchy. In addition, to explore 
organismal coverage among pathogen-
suppression composts, rarefaction curves 
can be calculated using EstimateS 
(Colwell, 2011). The microbial 
communities of waste treatment 
processing samples contain a huge 
genetic diversity that encompasses 
microorganisms from bacterial, fungal 
and archaeal domains. In recent years, 
454 sequencing has increasingly been 
applied in the analysis of microbial 
communities in the waste treatment 
process from sewage treatment (Ye et al., 
2011) to wastewater treatment and 
anaerobic digestion (Liao et al., 2013; 
Pervin et al., 2013). 
 
To reveal the assemblage of microbial 
populations within a community, various 
diversity indices can be applied, for 
example species richness – the number of 
OTUs per sample, and species evenness – 
the measure of the relative abundance of 
the different OTUs (Christen, 2008). It is 
generally accepted that a more evenly 
distributed community is more diverse 
than a community with a few dominant 
species but having the same species 
richness. The simplest way of 
representing community richness is to 
determine the observed richness, i.e. how 
many species are observed using a given 
sampling effort. However, regardless of 
the sampled environment and organisms 
of interest, the observed richness is 
typically far lower than the true richness, 
indicating that more extensive sampling 
would yield a higher number of observed 
taxa (Koskinen, 2013). Widely used 
measures of diversity include the 
Shannon and Simpson indices, which are 
sensitive to both the species richness and 
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relative species abundance of the 
community (Chao et al., 2003). Chao1 
(Chao, 1984; Hughes et al., 2001) and 
ACE (Chao and Lee, 1992) indices are 
also commonly applied in measuring the 
species richness in a community. A 
rarefaction curve is usually generated by 
plotting the cumulative numbers of OTUs 
against the number of sequences. If the 
asymptote of a rarefaction curve is 
reached, the OTU observed richness 
provides a good coverage of the total 
richness in the studied community. 
Rarefaction curves can be generated by 
programs such as EstimateS (Colwell, 
2011) and R software (Christen, 2008). 
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2 AIMS OF STUDY 
 
A significant quantity of biodegradable MSW is generated annually all over the world. 
In general, there are two major options for processing solid biowaste in a sustainable 
manner: aerobic treatment (e.g. composting) and anaerobic treatment (e.g. anaerobic 
digestion). The key research interest of this study was to utilize DNA-based techniques 
in analysing the microbial community composition in composting and anaerobic co-
digestion using various types of biodegradable MSW as feedstock.  
 
Specifically, the objectives were to: 
 investigate the connections between the microbial communities and the capacities of 
disease-suppressive composts against the soil-borne plant pathogens Pythium and 
Fusarium, respectively; 
 understand the effects of pH and microbial composition on odour emission in large-
scale food waste composting in Nordic countries; 
 examine the connections between the microbial communities co-digesting biowaste 
and sewage sludge and the key methanogenesis intermediates at both meso- and 
thermophilic temperatures and different OLRs; and 
 find a functional compromise between waste treatment capacity, biogas production 
and a stable microbial community.  
 
 
  
 20 
 
3 MATERIALS AND METHODS 
 
3.1 Selection of composts and sampling 
 
In article I, twenty-one amended 
composts were selected. Among these, 
nine amended composts originating from 
sewage sludge, biowaste, garden waste 
and manure were selected for microbial 
analysis based on their respective 
suppressiveness characteristics. In article 
II, thirty-two amended composts were 
studied. These composts were prepared 
from material such as animal waste, green 
waste and manure. In articles III and IV, 
the incoming source-separated biowaste 
in both a laboratory composting reactor 
and large-scale composting plants was 
investigated.  
 
 
Figure 4. From sample to microbial community: A brief workflow illustration of DNA-
based techniques employed in this study. 
 
In all composting studies, total DNA was 
extracted from 0.3 g amended composts 
using a commercial DNA SPIN Kit for 
soil. The microbiology of composting 
(bacteria and fungi) was investigated 
using DNA-based methods such as 
pyrosequencing (I), Sanger sequencing (II, 
III, IV) and microarray (III, IV). 
Composts of interest were subjected to 
disease suppressiveness experiments 
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against the soil-borne plant pathogens 
Pythium and Fusarium. In addition, the 
effects of microbial composition and pH 
in reducing odour emission were also 
investigated (Figure 4, Table 3). 
 
Table 3. Materials and methods applied in this study. 
 
Article Materials Methods 
 
I Peat-amended 
composts 
suppressive 
against Pythium 
disease  
(bacteria, fungi) 
Microbial analyses: DNA extraction, PCR, qPCR, 454 
sequencing. 
 
Sequencing and statistical analyses: MUSSA, Chao1 
index, Shannon diversity index, Simpson’s index, 
Pearson correlation analysis, R. 
 
II Composts, 
Fusarium disease 
(bacteria, fungi) 
 
Microbial and chemical analyses: DNA extraction, 
qPCR, PCR, DGGE, DNA sequencing, GC-TOF-MS. 
 
III Source-separated 
household waste 
intended for 
composting 
(bacteria) 
Chemical and physical analyses: pH, organic acids, 
VSs, Tot-N, Tot-C, NH4–N, NO3–N, bulk density. 
 
Microbial analyses: DNA extraction and purification, 
PCR, cloning, microarray, DNA sequencing. 
 
Data analyses: PCA. 
 
IV Composts from 
laboratory 
reactors and  
large-scale 
composting 
plants (bacteria) 
Chemical analyses: Odour concentration, TVOC, pH, 
organic acids, VSs, Tot-N, Tot-C, NH4–N, NO3–N. 
 
Microbial analyses: PCR, cloning, microarray, DNA 
sequencing. 
 
Data analyses: Wilcoxon Rank-Sum Test, PCA. 
 
V Output sludge of 
an anaerobic 
digestion reactor 
(methanogenic 
archaea, bacteria, 
archaea) 
Gas analyses: methane, carbon dioxide, ammonia, 
nitrous oxide, siloxanes, sulphur compounds, VOCs. 
 
Microbial analyses: DNA extraction and quantification, 
PCR, qPCR, DGGE, cloning, DNA sequencing. 
 
Statistical analyses: Paired-samples t-test, Mann-
Whitney U-test. 
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4 RESULTS AND DISCUSSION 
 
4.1 Aerobic waste treatment – composting (I, II, III, IV) 
 
4.1.1 Microbial diversity in composting 
 
Overview of major microbial groups in 
composts (Figure 5) 
Microbial communities in compost are 
known to be very diverse and undergo a 
series of dramatic changes in association 
with various elements in different 
composting systems such as temperature, 
the nitrogen level, moisture content, 
aeration, and the maturity properties of 
composts. In this thesis, the microbial 
community composition of mature 
compost mixes (i.e. composts of different 
 
 
 
 
Figure 5. Overview of (a) bacterial and (b) fungal sequence frequencies of Finnish 
amended composts suppressive against Pythium on cucumber plants (modified from 
article I). 
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sources amended by either peat or sand) 
were studied (articles I and II, Figure 5). 
Pyrosequencing results demonstrated that 
Proteobacteria comprised 22–70% of the 
total bacterial sequences (article I), while 
the subphyla Gammaproteobacteria, 
Alphaproteobacteria and 
Betaproteobacteria were the most 
abundant groups. Proteobacteria have 
been reported as the dominant group in 
the bacterial community in all composts 
(Danon et al., 2008). Alpha- and 
Gammaproteobacteria have also been 
documented as typical compost bacteria 
(Michel et al., 2002; Hagn et al., 2008; 
Partanen et al., 2010). The bacterial phyla 
Bacteroidetes, Acidobacteria and 
Firmicutes were also commonly 
distributed in the composts studied, and 
among them the classes Sphingobacteria 
and Flavobacteria were numerous. In this 
study, sequencing using the Sanger 
technique revealed similar dominances of 
Gamma- and Betaproteobacteria, but 
Alphaproteobacteria were totally flushed 
out. One of the explanations could be that 
the low population density of 
Alphaproteobacteria is around the 
detection threshold of DGGE methods. It 
is known that the DGGE-Sanger 
sequencing approach is of limited 
sensitivity in detecting some rare 
community members; therefore, it mainly 
detects the major microbial groups, and 
‘randomly’ some minor microbial groups 
that are present in the community 
fingerprinting patterns.  
 
Fungal sequencing results demonstrated 
that Ascomycota accounted for 80–96% 
of the total sequence reads across all 
composts (article I), among which 
Eurotiomycetes, Leotiomycetes, 
Sordariomycetes and Saccharomycetes 
were the dominant classes. The results of 
Langarica-Fuentes et al. (2014) and 
Hultman et al. (2010) were in agreement 
with our findings that Ascomycota was 
the most abundant phylum in the compost 
fungal community. Interestingly, 
exceptions were found in two Finnish 
composts of poultry manure and biowaste 
origin, in which Zygomycota (mainly 
classes Trichomycetes and 
Mortierellomycotina) replaced 
Ascomycota as the dominant group and 
accounted for up to 66% of the total 
fungal sequence reads (article I). The 
finding supports the previous statement 
that Zygomycota (i.e. orders Harpellales 
and Mortierellales) are more closely 
associated with composts of manure 
origin than composts of other origins 
(Neher et al., 2013). 
 
Microorganisms in biowaste-based 
composting 
Biowaste intended for composting is 
known for its low pH values (Sundberg 
and Jönsson, 2008). The microbial 
diversity of biowaste has been reported to 
be high, but decreases during the early 
phases of the composting process 
(Ryckeboer et al., 2003). According to 
the results of this study (article III), LAB, 
typically Lactobacilli, were detected in 
significant numbers in all tested source-
separated biowaste samples intended for 
composting. LAB produce organic acids, 
lower the pH and therefore inhibit the 
growth of other microbes. This inhibition 
effect can be especially strong once the 
pH is reduced below 6.0 and the 
composting temperature is above 40 °C. 
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The low pH and high acid concentrations 
in combination with the presence of LAB 
as a whole indicates a problematic 
composting process (Smårs et al., 2002; 
Sundberg et al., 2004). In addition to 
LAB, the most numerous groups detected 
in this study were Gammaproteobacteria 
(e.g. Pseudomonas, Enterobacteria such 
as E. coli), Bacillales (e.g. Bacillus) and 
Actinobacteria. However, the numbers of 
Bacillus and Actinobacteria – indicators 
of well-functioning composting – were 
found to be lower than those of LAB in 
most samples. In addition to the reported 
low pH values, another possible reason 
could be the dominance of LAB in 
household biowaste (e.g. typically in 
dairy products). In addition to the major 
bacterial groups mentioned above, some 
atypical compost microbes such as the 
anaerobic Gram-negative Bacteroidetes 
(e.g. Dysgonomonas capnocytophagoides) 
were also detected in the present study 
(articles III and IV). Previously, 
Dysgonomonas capnocytophagoides has 
been reported to be associated with the 
production of volatile organic compounds 
in biowaste (Mayrhofer et al., 2006). 
 
Biowaste is known to contain pathogens. 
In this study (articles III and IV), a 
number of pathogenic microorganisms 
were detected. Microarray probes 
(developed by the Austrian collaborators, 
Franke-Whittle et al., 2009) targeting 
members of the Enterobacteriaceae, as 
well as members of the genera 
Pseudomonas, Salmonella, Enterococcus, 
Clostridium and Listeria, yielded signals. 
These genera include species considered 
to be human and animal pathogens and 
have previously been reported to be 
present in compost samples (Ryckeboer 
et al., 2003; Danon et al., 2008). 
Bacteroides, the pathogenic genus of 
Bacteroidetes, were also detected in this 
study. None of these are typical compost 
bacteria, and the majority of them are 
likely to be eliminated in an efficient, 
high temperature composting process.  
 
4.1.2 Potential compost microbes 
suppressive against soil-borne 
plant disease 
 
Bacterial groups suppressive against 
cucumber Pythium wilt and tomato 
Fusarium wilt 
In article I, Finnish amended composts 
were screened for their ability to suppress 
cucumber Pythium wilt disease. The 
results demonstrated that the presence of 
Acidobacteria Gp14 in disease-
suppressive composts indicated its 
potential functional role in the 
suppression of Pythium wilt disease. To 
our knowledge, this is the very first study 
to note the potential importance of 
Acidobacteria Gp14 in Pythium disease 
suppression. Acidobacteria have 
previously been reported in composts 
(Fracchia et al., 2006), but the subgroup 
Acidobacteria Gp14 has not. In article II, 
Indian amended composts were studied 
for their abilities to suppress tomato 
Fusarium wilt disease. The presence of 
uncultured Actinobacterium-like 
organisms in disease-suppressive 
composts in this study raises interest in 
this group. Previous studies have 
suggested the potential roles of 
Actinobacterium in indicating compost 
maturity (Palmisano and Barlaz, 1996), in  
the degradation of lignin (Kirby, 2006), in 
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the reduction of phytotoxicity (Tang et al. 
2006), and in the production of antibiotic 
compounds that suppress plant disease 
(Kinkel, 2012). However, after analysing 
2423 cases derived from 252 studies on 
disease management using organic 
amendments, Bonanomi et al. (2010) 
concluded that Actinobacteria were only 
directly correlated with disease 
suppression in a limited number of 
experimental cases. Thus, it is too early to 
state whether Actinobacteria play a role 
in Fusarium wilt disease suppression on 
tomato plants, but it seems clear that there 
is a link between their presence and 
activity. Their specific role and 
mechanism of action remain unclear. 
 
In addition to the microbial groups 
detected in the present study, some 
bacterial groups present in compost, 
including Pseudomonas, Bacillus, 
Burkholderia, Lysobacter, Pantoea and 
Streptomyces, have previously been 
known for their disease suppression and 
plant growth promoting activity (Castaño 
et al., 2011). Among these, Bacillus and 
Pseudomonas, the most well-documented 
ones (Kloepper et al., 2004; Gray and 
Smith, 2005; Ryckeboer et al., 2003; 
Gibello et al., 2011), are suppressive 
against various plant diseases utilizing the 
antibiosis mechanism (by producing 
antibiotics to suppress pathogens).  
 
Fungal groups suppressive against 
cucumber Pythium wilt and tomato 
Fusarium wilt 
The results of this study (article I) 
indicated that Basidiomycota class 
Cystobasidiomycetes could have 
contributed to the suppression of Pythium 
wilt disease. It is commonly accepted that 
some members of the higher taxonomic 
level may have similar activity in plant–
microbe–soil interactions. For example, 
some species under the same genus may 
be suppressive against the same plant 
pathogen, but the rest may not. Previously, 
Cystobasidiomycetes have not been 
detected as potential indicators of any 
plant disease suppression by compost, 
although certain species of the class, such 
as the parasitic fungus Rhodotorula 
(Singh et al., 2012), have been detected in 
the early phase of mushroom composting. 
Overall, to improve understanding of the 
potential disease suppression abilities of 
Cystobasidiomycetes and its members, 
further studies are needed. In the 
Fusarium wilt experiment (article II), 
some fungal members that were detected 
were closely related to plant pathogenic 
fungi. One of the possible explanations 
could be that benign fungi, which are 
phylogenetically related to pathogens, 
may compete with the pathogens for 
space and limited nutrients in the plant 
environment. This competition is a 
common mechanism in disease 
suppression (Serra-Wittling et al., 1996). 
Previously, in addition to Fusarium spp., 
no specific fungal groups have been well 
documented as predictors of plant disease 
suppression (Fravel et al., 2003; 
Bonanomi et al., 2010; Larkin and Fravel, 
2002).  
 
4.1.3 Odour emission from food 
composting and its controlling 
parameters 
 
In articles III and IV, composts 
originating from source-separated 
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Figure 6. Correlation of odour concentration with the pH value in different large-scale 
composting plants (black: IVAR – horizontal plug-flow channel composting, Norway; 
green: NSR – tunnel composting, Sweden) and in the laboratory composting reactor 
(red: 200 L compost reactor) (modified from article IV). 
 
 
biowaste were investigated. The results of 
article IV indicated that odour emission 
was greater at low pH compost (Figure 6). 
The malodorous volatile compounds are 
commonly generated during the active 
phase of composting, resulting from the 
degradation of protein and/or lipid-rich 
substrates (Hamelers, 2001). During the 
early stages of composting, the low-pH 
conditions result from composting 
feedstock together with the generated 
acids (e.g. lactic acid and acetic acid), 
which severely inhibit the composting 
process (Sundberg and Jönsson, 2005 & 
2008; Kurola et al., 2010). The pH 
remains low for a long time and 
consequently extends the duration of the 
early stage of composting. Extended 
early-stage composting is problematic, 
because it leads to an increase in odour 
emission; meanwhile, the capacity of the 
composting plant is severely reduced by 
the limited microbial activity when the 
pH is low. In addition to the effect of a 
low pH on odour emission, the results of 
articles III and IV also confirmed earlier 
findings that a combination of a pH 
below 6.0 and a thermophilic temperature 
(above 40 °C) is detrimental to the 
composting process (Smårs et al., 2002; 
Sundberg et al., 2004). The explanation is 
that these conditions induce a ‘positive 
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feedback loop’. The degradation 
occurring within this loop further lowers 
the pH and thus prolongs the low-pH 
period. This mechanism can explain why 
many large-scale biowaste composting 
plants in the Nordic countries, where the 
incoming waste often mainly consists of 
food waste and has a low pH, struggle 
with an extended period of low microbial 
activity (Sundberg and Jönsson, 2008), as 
well as high odour production in the 
initial composting stage. 
 
The acid concentration was high in 
composts with a high level of odour 
emission (article IV). Lactic and acetic 
acids were found to be the dominant acids 
present in the tested composts. These 
acids have much higher odour thresholds 
than butyric and valeric acids (Rosenfeld 
et al., 2007), which were detected in low 
concentrations in some samples. However, 
organic acids were the only measured 
odorous compounds, while other 
substances may have contributed to the 
odour emission under low pH conditions. 
The results of article IV demonstrated 
that during the thermophilic and high pH 
phase of composting, if the oxygen-
limited conditions persist, strictly 
anaerobic bacteria belonging to the phyla 
Bacteroidetes and Firmicutes (e.g. 
Clostridia) can cause an offensive odour 
by producing compounds with an 
extremely low olfactory threshold 
(Rappert and Müller, 2005; Wardwell et 
al., 2001). Under such conditions, the 
proportions of bacteria that are indicative 
of a well-functioning composting process, 
such as Bacillus and Actinobacteria, are 
highly reduced. 
 
As there were clear observations that the 
above parameters can significantly affect 
odour emission and organic waste 
degradation during the early stage of food 
waste composting, an obvious strategy is 
to rapidly overcome the low pH phase 
and to steer the composting process 
towards conditions that favour beneficial 
microbes such as Bacillus and 
Actinobacteria. This strategy could be 
implemented by the application of 
bulking materials, recycled compost, or 
wood ash in composting (Kurola et al., 
2010 & 2011; Yañez, 2009; Zhou et al., 
2014; Koivula et al., 2004). An 
alternative approach to adopt this strategy 
is to conduct anaerobic digestion of the 
composting feedstock prior to composting, 
to minimize the proportions of the acid-
producing bacteria such as LAB and 
AAB. 
 
 
4.2 Anaerobic waste treatment: 
anaerobic digestion (V) 
 
4.2.1 Biogas production in anaerobic 
digestion 
 
In article V, biowaste and sewage sludge 
were co-digested in an anaerobic 
digestion reactor. Our results 
demonstrated more efficient biogas 
production at all OLRs (1–10 kg VS m-3 
d-1, kg volatile solids per reactor volume 
per day) with the thermophilic process 
(55–57 °C) than with the mesophilic 
process (35–37 °C). The results of Levén 
et al. (2007) were in line with our 
findings by demonstrating that digestion 
at thermophilic temperatures is associated 
with higher biogas production. The 
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apparent reason is that the thermophilic 
microorganisms express a higher organic 
matter processing rate at their optimal 
temperature than mesophilic 
microorganisms at their optimal 
temperature (Gavala et al., 2003; 
Kiyohara et al., 2000). The OLR of the 
used anaerobic digester was increased 
incrementally from 1 to 10 kg VS m-3 d-1. 
An OLR of 5 kg VS m-3 d-1 was found to 
be optimal for maximizing biogas 
production from the processed biowaste 
and sewage sludge. Up to the optimum 
OLR, the methane fraction varied in the 
range of 44.4% to 62.6% in the 
mesophilic process and 49.6% to 61.9% 
in the thermophilic process, the rest being 
mainly CO2 (article V). Trace gases such 
as ammonia, hydrogen sulphide, and the 
total siloxane were also detected at the 
rather low maximum levels of 83 ppm, 10 
ppm and 1 ppm, respectively (data not 
shown). 
 
4.2.2 Methanogenic archaea in 
anaerobic digestion 
 
Sequencing results (article V) suggest 
that the methanogen diversity was very 
limited in both the meso- and 
thermophilic processes. In comparison, 
several previous studies have reported a 
more limited methanogen diversity in the 
thermophilic process (Hernon et al., 2006; 
Liu et al., 2009; Pender et al., 2004; 
Sekiguchi et al., 1998, 2002; Tang et al., 
2004). However, the reason for the low 
observed diversity of dominant 
methanogens was not lack of inoculum, 
since Ritari et al. (2012) did detect the 
additional methanogens (i.e. 
Methanobrevibacter, Methanosphaera 
and Methanophaerula) by 
pyrosequencing of a subset of samples of 
the present study. Instead, the reason is 
likely to be the range of conditions 
favouring robust archaea that adapt to 
various conditions. Overall, among the 
four dominant methanogenic archaeal 
orders in anaerobic digestion 
(Methanobacteriales, Methanococcales, 
Methanomicrobiales and 
Methanosarcinales), only 
Methanobacteriales and 
Methanosarcinales (e.g. Methanosarcina) 
were abundant in both processes, while 
Methanothermobacter and representatives 
of Methanomicrobiales (e.g. 
Methanospirillum) were detected in the 
thermophilic and mesophilic process, 
respectively. At the time of writing, 
Methanosarcina is the only well-known 
methanogen that can use multiple 
substrates (e.g. acetate, H2 – CO2, 
methanol, mono-, di-, and tri-
methylamines, and CO) to produce 
methane (Bryant and Boone, 1987). This 
probably explains its abundance in the 
current study, which included highly 
variable conditions. In stark contrast to 
the abundance of Methanosarcina, 
however, Methanosaeta, another 
commonly known acetotrophic 
methanogen (alternatively termed an 
‘acetoclastic’ or ‘acetate-utilizing’ 
methanogen) was absent in the present 
study. As reported by Schmidt and 
Ahring (1996), Methanosaeta can only 
use acetate for methane production, but 
its growth is favoured by low 
concentrations of this substrate. Therefore, 
a possible explanation for its absence 
could be that most recorded acetate 
concentrations in the current study (0.17–
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4.44 mM) were probably above its 
growth threshold concentration (data not 
shown). In addition, other factors such as 
the propionate concentration and OLRs 
could also contribute to regulation of the 
presence and predominance of 
Methanosaeta and Methanosarcina in the 
anaerobic digestion process (McHugh et 
al., 2004; Chelliapan et al., 2011). 
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5 CONCLUSIONS 
 
The studied composts contained abundant 
and diverse microbial communities, with 
Proteobacteria and Ascomycota being the 
dominant bacterial and fungal candidates, 
respectively. Other major groups revealed 
by pyrosequencing were bacteria of the 
phyla Bacteroidetes, Acidobacteria, 
Actinobacteria, Firmicutes, as well as the 
fungal classes Eurotiomycetes, 
Leotiomycetes and Sordariomycetes. 
According to the results, members of 
Acidobacteria Gp14 and 
Cystobasidiomycetes could be suggested 
as the respectively potential bacterial and 
fungal indicators suppressive against 
Pythium disease on cucumber plants, 
while Actinobacterium and non-
pathogenic relatives of the pathogen 
Fusarium oxysporum may suppress 
Fusarium disease on tomato plants. 
However, the roles of the above-
mentioned microorganisms in disease 
suppression require further study. 
 
In food waste composting, LAB (e.g. 
Lactobacillus) as well as Clostridia were 
observed to be numerically important in 
the high-odour composts. These bacteria 
are known to negatively affect the 
compositing process, because they 
produce organic acids, lower pH, inhibit 
the growth of other bacteria, and 
consequently delay the decomposition 
process. The results obtained in this study 
suggest that a proposed odour reduction 
strategy would be to rapidly overcome the 
low pH phase through high initial 
aeration rates and the use of additives 
such as recycled compost and bulking 
material, as well as pretreatment of the 
composting feedstock in anaerobic 
digestion. These steps would help to 
buffer the pH and to minimize the 
proportions of bacteria such as LAB, as 
well as to increase the numbers of 
bacteria needed for a good composting 
process (e.g. Bacillus and Actinobacteria). 
 
In anaerobic digestion, the methanogenic 
archaeal community was rather limited, 
dominated by Methanobacteriales and 
Methanosarcina in both the meso- and 
thermophilic cycles, with 
Methanothermobacter as an additional 
abundant genus in the thermophilic 
production cycle. The prevalent over-
threshold acetate concentration, high 
OLRs, as well as the presence of key 
substrates (e.g. propionate) were 
apparently responsible for the dominance 
of Methanosarcina over Methanosaeta. 
Biogas production (mainly methane) was 
greater in the thermophilic process; when 
the OLR increased to 5 kg VS m-3 d-1, the 
peak production efficiency was reached. 
Beyond this, efficiency declined in both 
temperature ranges. However, the 
methanogenic process did not collapse, 
even at an OLR of 10 kg VS m-3 d-1, and 
at no tested OLR was the methanogenic 
community flushed out. 
 
When studying a microbial community 
using Sanger sequencing, the minor 
microbial groups remain largely 
unexplored due to the limited sequences 
obtained per run. In recent years, the 
development of high-throughput 
sequencing has allowed a better 
illustration of both minor and major 
microbial groups. Roche 454 
pyrosequencing was successfully applied 
 31 
 
in the current study to identify the 
bacterial and fungal groups that cause the 
suppression of plant pathogens. As the 
rapid progress of high-throughput 
sequencing approaches continues, better 
coverage of the microbial community will 
be achieved. Therefore, the up-to-date 
development of bioinformatics software 
is called for to handle the massive 
generated sequences. 
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